Leptin, the product of the human homologue of the ob gene, which is defective in the obese (ob/ob) mouse, may be a humoral regulator of human adiposity. Absolute and adiposity-corrected plasma leptin levels were higher in overweight/obese women (37.7 -C 3.5 ng/mL; 1.01 2 0.07 ng'mL "%BF-') than in normal weight women (16.9 2 2.2 ng/mL; 0.57 + 0.06 ng' mL-l'%BF-', both P < 0.005 us. obese), but were not different between the 31%, 23%, and 14% fat diets when body weight was stable. Plasma leptin was highly correlated with BMI (r = 0.81, P < 0.00011, %BF (r = 0.80, P < O.OOOl), and fasting plasma insulin (r = 0.61, P < 0.0001). After 8 months on the ad libitum low fat diet, the women had lost an average of 6.9 2 1.0% of body mass (-2.0 + 0.3 kg/m', P < 0.0001).
= 24.5 + 0.6 kg/m'] and 19 overweight to obese (BMI = 34.7 t 1.2 kg/m') nondiabetic postmenopausal women on sequential controlled weight-maintaining diets containing 31%, 23%, and 14% of energy as fat, each for 4-6 weeks.
Thereafter, the subjects ate a very low fat diet (~15%) ad libitum; plasma leptin and insulin concentrations, BMI, percent body fat (%BF), and resting energy expenditure were determined after 6 and 8 months.
Absolute and adiposity-corrected plasma leptin levels were higher in overweight/obese women (37.7 -C 3.5 ng/mL; 1.01 2 0.07 ng'mL "%BF-') than in normal weight women (16.9 2 2.2 ng/mL; 0.57 + 0.06 ng' mL-l'%BF-', both P < 0.005 us. obese), but were not different between the 31%, 23%, and 14% fat diets when body weight was stable. Plasma leptin was highly correlated with BMI (r = 0.81, P < 0.00011, %BF (r = 0.80, P < O.OOOl), and fasting plasma insulin (r = 0.61, P < 0.0001). After 8 months on the ad libitum low fat diet, the women had lost an average of 6.9 2 1.0% of body mass (-2.0 + 0.3 kg/m', P < 0.0001).
In 15 subjects who lost more than 7% of body mass (-12.3 t l.O%), plasma leptin concentrations decreased (-9.6 2 1.9 ng/mL, P < 0.0005), and the decrease of plasma leptin per change of adiposity (Aleptin/A%BF) was greater in overweight/obese women (3.6 t 0.5) than in normal weight women (0.9 + 0.4, P < 0.01 us. obese). In 18 other subjects who lost less than 7% of body mass (-2.7 + 0.6%), plasma leptin was unchanged (+1.4 t 1.4 ng/mL). Overall, the change of plasma leptin was significantly correlated with change of BMI (r = 0.43, P < 0.02), the change of %BF (r = 0.49, P < 0.0051, the change of resting energy expenditure (r = 0.40, P < 0.021, and with the change of plasma insulin independently of changes of body adiposity (r = 0.45, P < 0.01). We conclude that plasma leptin concentrations are: 1) not affected by dietary fat content per se; 2) highly correlated with BMI, %BF, and plasma insulin in both overweight/obese and normal weight women; 3) decreased in parallel with plasma insulin after sustained weight loss; and 4) decreased more in overweight/obese than in normal weight women. (J Clin Endocrinol Metab 81: 4406-4413, 1996) T HE GENE responsible for hyperphagia and obesity in genetically obese (ob / ob) mice was recently cloned (1). The ob gene is expressed in adipose tissue (2) and its protein product, leptin, has been hypothesized to be a hormonal signal of body fat stores to the central nervous system, where it may act to limit food intake and increase energy expenditure, and thereby regulate adiposity (3). Administration of recombinant leptin reduces food intake and produces weight loss (4-9), increases energy expenditure (4, B), and lowers plasma insulin and glucose (4,9) in ob/ ob mice. Leptin also decreases food intake and body weight in nonobese mice (4, 95616 (16) (17) (18) (19) 24) and plasma leptin (26) are decreased in fasted us. fed animals. Although no short-term effects of meal ingestion on plasma leptin levels in humans have been noted (22, 23) , diet composition could be a significant factor in the regulation of plasma leptin, especially when low fat diets are used to achieve weight loss. Plasma leptin levels and adipose ob gene expression decrease with short-term weight loss on low fat diets in obese individuals (22, 23) , although normal weight subjects were not examined, and in one study the decreases of plasma leptin after weight loss appeared to be transient (23) . In the present study, with the use of a new sensitive and specific RIA for human leptin, we investigated the relationships between plasma leptin concentrations and body mass index (BMI), percent body fat, and plasma insulin in both normal weight and overweight to obese women when body weight was held constant on weight-maintaining diets containing 31%, 23%, and 14% of energy as fat, and again after 6 and 8 months on an ad libitum very low fat diet (~15% fat) during which a subset of the subjects achieved and maintained substantial reductions of body weight. Compliance was closely monitored and noncompliant subjects (>l% of calories altered from the experimental diet on more than one occasion)
Subjects

Subjects and Methods
were excluded from the study. Subjects were instructed not to change their activity level during the experimental diet portion of the study. Initial energy intake was individualized and based on the subjects resting energy expenditure (REE) measured by indirect calorimetry (27, 28) with a factor included for activity level (estimated by an activity questionnaire), and in accord with each subject's BMI and body composition.
Subjects were weighed five times each week, and the energy content of the diets was adjusted by increasing or decreasing daily caloric intake by 150 kcal when body weight varied by >l kg to maintain bodv weight.
The average daily caloric intake on the 31% fat diet was 2056 2 6fkcal/day and-was increased by approximately 6% to 2170 + 70 kcal/day by the end of the 14% fat diet (A = +120 ? 30 kcal/day, P < 0.0005 us. 31% fat diet).
Self-regulated low fat diet
To examine the effects of sustained weight loss on plasma leptin concentrations, after 4 months on the weight-maintaining experimental diets, the participants switched to a self-selected (ad libitum) very low fat diet for the remaining 8 months of the study. Subjects were given detailed instructions and support to adhere to a diet with <15% of energy as fat through a series of group classes and individual counseling sessions with a registered dietitian.
Of the initial 38 women, 33 completed the entire study (16 normal weight and 17 overweight/obese). The mean dietary fat content on the low fat diet (assessed by 7-day food records analyzed by NDS93) after 6 and 8 months on the ad libitm low fat diet was 12 5 1% and 11 2 l%, respectively.
The average weight loss after 8 months was 6.9 ? 1.0%. For analysis, subjects were divided into two groups;
18 women who lost less than 7% ofbody mass on the low fat diet, and 15 women who lost more than 7% of bodv mass. Dietarv fat content was not significantly different between those who lost ~7% (10 + 1%) and those who lost >7% (12 + 1%).
Data collection
Body weights were measured, and fasting blood samples for analysis of plasma leptin, insulin, and glucose concentrations were obtained 2 weeks after the start of the 31% fat diet, at 4 weeks after the start of the 23% fat and 14% fat diets, and after 6 and 8 months on the self-selected low fat diets (10 and 12 months after the start of the study). Percent body fat was measured by bioelectrical impedance (Bio-Analogies, Beaverton, OR) during the 31%, 23%, and 14% fat experimental diets, and again at 12 months. Measurements of percent body fat made with this instrument were very consistent within subjects (r = 0.9662, P < 0.0001). The coefficient of variation of the percent body fat measurements within subjects averaged 4.1 + 0.5%. REE was measured at stable body weight and again at 12 months (27, 28) .
Assays and data analysis and were unaffected by dietary fat content. Plasma glucose was not significantly different between overweight/obese and normal weight women and decreased slightly during the 14% fat diet overall (from 5.6 + 0.1 to 5.5 + 0.1 mmol/L) and in the overweight/ obese group (from 5.7 2 0.2 to 5.5 5 0.1 mmol/L). Plasma leptin concentrations were more than two times higher in overweight/obese than in normal weight subjects and were not affected by varying the dietary fat content (Fig. 3) . Plasma leptin concentrations within subjects were remarkably stable across the three diets (r = 0.9079-0.9587, all P < 0.0001).
Correlations between BMI, percent body fat, plasma leptin, insulin and glucose concentrations at stable body weight As expected, BMI was highly correlated with percent body fat overall (r = 0.85, P < 0.0001, Fig. lA) , and within both the normal weight (r = 0.88, P < 0.0001) and the overweight/ obese groups (r = 0.65, P < 0.005). Plasma leptin was highly correlated with BMI overall (r = 0.81, P < 0.0001, Fig. 1B ) and within both the normal weight (r = 0.58, P < 0.001) and overweight/obese groups (r = 0.59, P < 0.001). Percent body fat was similarly well correlated with plasma leptin overall (r = 0.80, P < 0.0001, Fig. 1C ) in normal weight (r = 0.64, P < 0.005) and in overweight/obese subjects (r = 0.69, P < 0.002). Fasting plasma insulin concentrations were well correlated with BMI (r = 0.70, P < 0.0001, Fig. 2A ) and with percent body fat (r = 0.58, P < 0.0002, Fig. 2B ). Plasma leptin concentrations were significantly correlated with fasting plasma insulin (r = 0.61, P < 0.0001, Fig. 2C ). However, by partial regression analysis, plasma insulin was not significantly correlated with plasma leptin independently of BMI or percent body fat. BMI, percent body fat, plasma leptin, and plasma insulin were not correlated with fasting plasma glucose levels (data not shown).
Effects of sustained weight loss on body fat, plasma leptin, and plasma insulin concentrations in normal weight and overweight lobese women Thirty-three of the original 38 subjects completed the entire study. After 6 months on the self-selected low fat diet (month 10 of the study), the participants lost an average 4.0 ? 0.5 kg (ABM1 = -1.6 + 0.2 kg/m2, P < 0.0001, 8 months on the self-selected low fat diet (month 12 of the study), the average weight loss was sustained (A = -5.0 + 0.7 kg, %ABMI = -6.9 t 1.0, P < 0.0001). Subjects were divided into two groups for analysis; 18 women (8 normal weight and 10 overweight /obese) who lost less than 7% of body mass (-2.3 +-0.6 kg; % weight loss = -2.7 ? 0.6%, range = +3.0 to -6.3%) on the low fat diet, and 15 women (8 normal weight and 7 overweight /obese) who lost more than 7% of body mass (-8.4 t 0.5 kg, % weight loss = -12.3 ? l.O%, range = -8.2 to -23.0%). The women with less than 7% weight loss had modest, but significant reductions of percent body fat (-0.9 2 0.4%, P < 0.02), but both plasma leptin (Fig. 4A ) and plasma insulin concentrations were unchanged ( weight loss had predictably larger reductions of percent body fat (-5.6 rt 0.6%, P < O.OOOS), and in these subjects both plasma leptin and plasma insulin concentrations both fell by approximately 35% (Table 2) . Weight loss in women losing >7% body mass was not different between normal weight women (A = -3.7 ? 0.4 kg/m*) and in overweight/ obese women (A = -3.7 2 0.4 kg/m'). Plasma leptin concentrations were decreased in both normal weight women and overweight/obese women who lost weight after 6 months on the ad libitum low fat diet, and the reductions were sustained after 8 months (Fig. 4B) . The decrement of plasma leptin after weight loss was greater in overweight/obese women (A = -13.9 t-2.2 ng/mL, P < 0.0005) than in normal weight women (A = -5.7 t 2.4 ng/ mL, P < 0.02 VS. normal weight), however plasma leptin levels remained significantly higher in the overweight / obese women than in normal weight women (P < 0.01, Fig. 4B ).
Baseline characteristics of the subjects (age, BMI, percent body fat, total body fat, hormone replacement therapy, and family history of diabetes) and hormone/ substrate measurements (plasma leptin, insulin, and glucose concentrations) were evaluated to determine whether any of these parameters was predictive of weight loss on the ad libitum low fat diet. Of these, only family history of diabetes was predictive of weight loss, with subjects with first degree diabetic relatives having significantly greater decreases of BMI (-2.9 2 0.6 VS. 1.6 ? 0.3 kg/m', P = 0.033) and percent body fat (-4.9 2 1.0 VS. -2.1 + 0.5%, P = 0.012) than in women without family history of diabetes.
Correlation
of changes of BMI, percent body fat, plasma leptin, insulin, and REE on a long-term low fat diet in normal weight and ouerweightlobese women
As expected, the changes of BMI were highly correlated with the change of percent body fat after 8 months on the Data are mean * SEM; a P < 0.05; b P < 0.025; ', P < 0.0025; d P < 0.0005 us. stable body weight.
self-selected low fat diet (r = 0.78, P < 0.0001, Fig. 4A ). The change of plasma leptin on the low fat diet across all subjects was significantly correlated with both the change of BMI (r = 0.42, P < 0.02, Fig. 4B ) and with the change of percent body fat (r = 0.49, P < 0.005, Fig. 4C ). In contrast to leptin, the changes of plasma insulin were not significantly correlated with the change of BMI (r = 0.26, P = 0.15, data not shown) or percent body fat (r = 0.26, P = 0.14, data not shown). However, the change of plasma leptin on the self-selected low fat diet correlated well with the change of fasting plasma insulin (r = 0.52, P < 0.002, Fig. 4D ). In addition, by partial regression analysis, the change of plasma leptin was significantly correlated with the change of plasma insulin independent of changes of BMI (r = 0.45, P < 0.01) or percent body fat (r = 0.44, P < 0.02). REE decreased by 7.7 2 2.3% (P < 0.0025) in women losing more than 7% body weight, but did not change in women who lost less than 7% body weight (data not shown). The change of REE was significantly correlated with the change of BMI (r = 0.40, P < 0.02), percent body fat (r = 0.45, P < O.Ol), and plasma leptin (r = 0.40, P < 0.02), however partial correlation analysis did not reveal an independent relationship of any one of these variables with the change of REE.
Leptin /adiposity relationships before and after weight loss in normal weight and overweightlobese women Plasma leptin/ adiposity ratios were examined in normal weight and overweight/obese women who lost more than or less than 7% of body weight before and after the long-term ad libitum low fat diet. Plasma leptin and adiposity (percent body fat) were higher in overweight/obese women than in normal weight women whether or not they lost more than 7% body weight. The plasma leptin / adiposity ratio was higher in overweight/obese women than in normal weight women (Table 3) . Both normal weight and overweight/ obese women had significant decreases of percent body fat whether or not they lost more than 7% body weight, but normal weight women had larger absolute and proportional decreases of adiposity (Table 3) . After 8 months on the low fat ad libitum diet, only overweight / obese women had a significant change in their leptin/adiposity ratio, which decreased by approximately 30% (Table 3 ). There were no significant alterations of the absolute change of leptin per unit adiposity (Aleptin) / A% body fat) or the proportional changes of leptin per proportional change in adiposity (%Aleptin/ %A% body fat) in normal weight or overweight / obese women, overall, or in the women who lost less than 7% of body weight (data not shown). However, plasma leptin decreased with adiposity in normal weight and overweight/obese women who lost more than 7% body weight, and both the absolute changes of leptin per unit adiposity and the proportional changes of leptin per proportional change of adiposity were 2.5-3.5 times greater in overweight/obese women than in normal weight women (Table 3) .
Discussion
The aim of this study was to determine the effects of dietary fat content, in the absence of weight loss, on plasma leptin levels in women with a wide range of adipose tissue mass and within normal weight and overweight/obese subjects. In addition, the relationship between plasma leptin and plasma insulin levels after sustained weight loss on a very low fat diet was examined in both normal weight and overweight/ obese women. Plasma leptin levels were higher in overweight to obese women than in lean to normal weight women and were highly correlated with both BMI and adiposity as assessed by percent body fat measurements overall and within both the normal weight and the overweight/obese groups. Elevations of plasma leptin levels in obesity and correlation with adiposity across human subjects with a wide range of adiposity have been reported in two recent studies (22, 23) but not within groups of lean or obese subjects. When the relationship of plasma leptin to adiposity was examined by calculating the leptin/percent body fat ratio, we found that after correcting for adiposity, overweight/ obese women have higher plasma leptin levels per unit of We found no effect of reducing the fat content of the diet on plasma leptin or insulin concentrations when body weight was maintained, even after several weeks on very low fat diets. Thus, plasma leptin concentrations are not altered by dietary fat content in the absence of weight loss or changes of plasma insulin levels. Furthermore, because subjects were fed more than they would consume nd libitutn during low fat intake, changing the fat content of the diet appears to alter the regulated level of adiposity via a mechanism unrelated to changes of plasma leptin or plasma insulin levels. In fact, the amount of body weight and fat loss on the nd libitum low fat diet was best related to having a first degree relative with diabetes, whereas other parameters measured in the study (adiposity, plasma leptin, plasma insulin, or REE) were not predictive of weight loss. This suggests that very low fat diets may be an effective method for inducing and maintaining weight loss in subjects with a family history of diabetes.
After sustained weight loss of greater than 7% of body mass, there was a clear reduction of both plasma leptin and plasma insulin concentrations in normal weight and overweight/obese women. However, the plasma leptin / percent body fat ratio, which is elevated in overweight/obese women, decreased after weight loss in overweight/obese but not in normal weight women. In addition, the absolute and proportional decreases of plasma leptin per unit adiposity after weight loss was greater in overweight/obese women than in normal weight women. For example, a 10% decrease of adiposity in obese women leads to an average 34% decrease of plasma leptin, whereas the same proportional change of adiposity only decreases plasma leptin by an average of 13% in normal weight women. Plasma leptin and insulin levels were unchanged in women who lost less than 7% of body mass, despite a modest, but significant, average weight loss (-3% of body mass) and more than 10 months on a very low fat diet.
The overall change of plasma leptin at the completion of the study was well correlated with changes of BMI on percent body fat. In addition, the change of plasma leptin was correlated with the change of fasting plasma insulin independently of changes of BMI or percent body fat. Insulin administration increases (16, 17) and insulin deficiency decreases (18, 19) leptin gene expression in animals. However, because absolute plasma leptin and insulin levels were not independently correlated, it would appear to be the dynamics of insulinemia during weight loss that is associated with changes of plasma leptin, rather than the absolute plasma insulin level at stable body weight.
Furthermore, if insulin is involved in the regulation of plasma leptin, it is unlikely to be an acute effect because short-term infusions of insulin did not alter plasma leptin in two studies in humans (31, 32). Lastly, it should also be noted that the findings of this study conducted in women should not be extrapolated to men, because men have lower levels of adiposity, ob gene expression (21), and plasma and cerebrospinal fluid leptin concentrations (33). In summary, we have found that plasma leptin is not altered by dietary fat content per se and is highly correlated with BMI, percent body fat, and plasma insulin when body weight is stable. Plasma leptin per unit of adiposity is nearly doubled in overweight/obese women compared with normal weight women.
Furthermore, there are sustained decrements of plasma leptin in both normal weight and over- Values are mean t SE; a P < 0.01 US. baseline; 'P < 0.01 VS. normal weight women.
-101 -7 6 -5 -4 -3 -2 women after 12 months on study in which 15 subjects lost >7% and 18 subjects lost <7% body mass on a very low fat diet.
weight/obese women after substantial reductions of body weight, but the reductions of plasma leptin are greater in obese than in normal weight women. The changes of plasma leptin concentration after weight loss are correlated with changes of BMI, percent body fat, and REE, and parallel the changes of plasma insulin independently of the change of adiposity. Thus, if leptin is in fact a hormonal regulator of feeding behavior and adiposity in humans, decreases of plasma leptin after weight loss could contribute to the strong tendency for weight regain after successful dieting.
